objectives The annual incidence of dengue has been increasing over the last few years in Sri Lanka with seasonal epidemics. Biological control of the vector has not been part of the integrated vector control implemented by the public health authorities of Sri Lanka so far. This pilot study assessed the effectiveness of using Bacillus thuringiensis israelensis (Bti) spray to control the Aedes mosquito vector population density.
Introduction
Dengue fever is a major public health problem in endemic tropical countries. It is caused by a flavivirus transmitted by vector mosquitoes of Aedes sp. (A. aegypti and A. albopictus). Though the estimates vary between studies, more than half of the world's population (3.6 billion) remains vulnerable to dengue fever with over 50-200 million cases and over 20 000 fatalities recorded annually [1] . Sri Lanka, a tropical island nation of 21 million people already recorded over 115 000 patients and more than 337 dengue-related deaths in the first 7 months of 2017 [2] . In the preceding years, periodic epidemics of incremental severity was observed in Sri Lanka (47 502 cases in 2014 and 55 150 cases in 2016) culminating in the current and largest epidemic of this decade [3, 4] . For a low-middle income country such as Sri Lanka, the costs of these seasonal epidemics (including activities of vector control) are significant: direct costs were estimated to be US$ 3.45 million (US$1.50 per capita) per annum for only one district of the country in 2012 that also had the highest dengue prevalence in the country [5] . Indirect costs, such as loss of work force due to morbidity and mortality, would add to this number.
As there is no licensed vaccine in Sri Lanka against dengue, prevention is largely by vector control or disrupting the human-vector contact [6] . Vector control is achieved by reducing larval habitats, the use of insecticides and larvicides and by public health education [7] . Dengue vector control programmes in the South-East Asian region, in general, have recorded modest success [8] . A vector control programme that adopts an integrated approach to mosquito control, and larval source reduction by including a variety of methods (environmental, biological and chemical) is more likely to be sustainable and successful [8] . These methods also have to be low-cost and environment-friendly. So far container elimination/management has been the main strategy of dengue vector elimination in vulnerable districts in Sri Lanka [9] . But would be difficult to eliminate all containers (water storage containers, discarded tires and receptacles) that can be potential breeding spaces due to overcrowding in the vulnerable districts. Some breeding sites such as roof gutters and foliage of ornamental plants or commercial crops (e.g. pineapple plantations) are not removable or too labour-intensive to remove.
Biological control is a practical alternative that can be added to an integrated vector control model to increase effectiveness and to overcome some of these difficulties [10] . Bacillus thuringiensis israelensis (Bti) is a soil microbe with larvicidal effects that have been used in endemic countries for dengue vector control with variable success [11, 12] . The microbes kill mosquito larvae when they are ingested by the larvae [13] . Bti is target-specific, free from contaminants and exotoxins and poses no obvious environmental hazards [14] . It has minimal toxicity to mammals including humans and is less toxic to other insects than chemical insecticides [11, 15, 16] . It also has low potential to evoke resistance in the larvae with no loss of efficacy in operational use. Furthermore, it is effective at low doses and cheaper to produce than chemical insecticides [16] . It has been used for vector control in rural, semiurban and urban areas with minimal risk of larval resistance [11] and proved highly effective in Cuba [17, 18] . Bti is available in a number of formulations that can be applied by hand or with conventional spray equipment. Therefore, it can be used in a variety of breeding habitats.
This was a pilot study to advise the Sri Lankan government regarding the usefulness and feasibility of using Bti as a method of vector control. More specifically, this study looked at the effectiveness of peri-focal space spraying of liquid formulation Bti for control of Ae. aegypti and Ae. albopictus species in Colombo district, which has the highest incidence of dengue in Sri Lanka.
Materials and methods
This was an interventional prospective study to test the field effectiveness of Bti (BACTIVEC) from March to August 2016 in three Medical Officer of Health (MOH) administrative areas in Colombo District.
Colombo district is the most populous (2.3 million, 11.4% of population of Sri Lanka) and densely populated district in Sri Lanka [19] , and it has the highest dengue incidence. There are 13 administrative divisions of the district called divisional secretariat (DS) areas in this district which are congruent with the respective MOH area [19] . The study areas were selected from these secretariats based on (i) population distribution in urban and rural areas, (ii) historical average of dengue incidence, (iii) number of cases reported in 2014 and 2015 and (iv) previously reported entomological larval indices. Based on these selection criteria, three secretariats from the Colombo district were selected to represent an urban area (Colombo Municipal Council: CMC), a semiurban area (Maharagama DS) and a rural area (Homagama DS). Each DS is further subdivided into smaller administrative units termed Grama Niladhari Divisions (GND). In the Colombo Municipal Council region, these divisions are also referred to as 'wards'. One test GND/ward and two control GNDs/wards were selected from each of the three divisional secretariats. As there is heterogeneity of the urban and rural GNDs within a larger DS, the GNDs for the study were selected to represent the population density trait (urban, semiurban or rural) assigned to each DS area. For example, only rural GNDs were selected for the study from the 'rural' Homagama DS area. Three such GNDs were randomly picked from all rural GNDs in this division. In all three DS areas, a buffer zone was maintained between the test and control GNDs which was another GND area in between. This ensured a separation of at least 1 km between the study GNDs at all locations. Figure 1 shows the study design and the assigning of GNDs for the study.
Bti was sprayed to all households in the selected test GNDs in addition to any other existing vector control measures in place. Perifocal space spraying was performed by mist blowers with imported Bacillus thuriegiensis israelensi (Bactivec â , serotype H-14 0.6%) [20] . The efficacy of the imported batch of Bti was tested and confirmed in the laboratory and semi-field settings at the Medical Research Institute of Sri Lanka prior to community spraying. Bti doses of 2430, 1250 and 875 l/km 2 were used for urban, semiurban and rural spraying, respectively. Spraying was carried out monthly for 3 months (three cycles) using hand-carried mist blowers. The control GNDs/wards did not receive Bti sprays, but other vector control measures already in place were continued.
Baseline data including socio-demographic data were collected 2 weeks prior to the onset of the intervention from 20% of the population in each of the nine GNDs using a pre-tested interviewer-administered questionnaire. Informed written consent was obtained in advance.
For outcome assessments, a sample of premises including households, schools, factories, public places and construction sites was selected from each GND/ward. The premises were classified as houses and institutions/ other buildings for this purpose. Adult Ae. aegypti and Ae. albopictus mosquito density was indirectly inferred using ovitrap negativity using a sample of systematically selected 25 premises per GND to lay the traps. The ovitraps were collected 6 days after the installation, and the eggs and larvae present in each cup were counted, species identified and the ovitrap index (OI, percentage of positive ovitrap) calculated. The odds of detecting negative ovitraps between control and test areas were compared (OR < 1 suggests less likelihood of finding negative ovitraps in control than test areas. Larval indices were calculated separately using an additional 100 premises that were selected systematically (every 5th house). These indices included the following:
• House/premise index: Percentage of premises infested with Ae. aegypti/Ae. albopictus larvae and/or pupae;
• Container index: Percentage of water-holding containers infested with Ae. aegypti/Ae. albopictus larvae and/or pupae and
• Breteau index: number of positive containers for Ae. aegypti/Ae. albopictus larvae and/or pupae per 100 houses.
To determine these indices, containers within a premise were classified as indoor (refrigerator trays and non-use cisterns) or outdoor (gutters, concrete slabs and discarded tires). Some items such as water storage containers, portable items and ornamental and horticultural items could be classified into both categories. The odds of larval indices were compared between test and control areas. An OR < 1 indicates lower larval density in control areas.
The ovitrap index and the larval indices were assessed 2 weeks before the intervention (baseline assessment) and 2 weeks after each of the spray cycles (Post-spray inspection: PSI 1-3). A final survey was carried out 2 months after the last spray (PSI 4). The data collection was carried out using a validated data collection form. The entomology team visited the selected premises, inspected and collected the data to calculate the entomological indices.
The data were analysed using SPSS statistical software (Version 21.0.'; IBM, NY, USA). Descriptive statistics included frequencies, means (standard deviations [SD]) and proportions. Count events were evaluated using Z score test for two proportions, and continuous variables were evaluated by comparing mean differences, with statistical significance set at 0.05. The effect size is expressed as odds ratio with 95% confidence intervals. Ethical clearance for this study was obtained from the Ethics Review Committee, Faculty of Medicine, University of Colombo, Sri Lanka (EC-15-126). The data from households were de-identified prior to coding to ensure confidentiality.
Results
The resident population of the included GNDs (n-9) was 21 064 in 5545 premises. Table 1 shows the population and area of each GND/ward selected for this study. Figure S1 shows the map of Colombo district with the selected GND/wards highlighted. A total of 225 premises were sampled with ovitraps after each spray cycle. On average, 598 (SD AE 5.1) and 601 (SD AE 12.7) premises were sampled for larval indices in test GNDs and control GNDs per spray cycle, respectively.
Regarding the combined ovitrap index (both outdoor and indoor OI) at baseline, control areas had a similar (n-3) or significantly lower (n-3) adult vector density than test areas in all rural, semiurban and urban GNDs. After the third spray cycle, test areas had a significantly lower (n-4) or similar (n-2) adult vector density than control Figure 1 Study design and the assigning of Grama Niladhari Divisions for the study.
areas. The urban test area had a significantly higher ovitrap index than both its control areas. The combined overall adjusted odds ratio after the third spray cycle showed a significant reduction in the adult vector density in the test GNDs/wards. However, 2 months after the last spray only the semiurban test area had a significantly lower vector population than only one of its controls. All other differences were not significant ( Table 2) . Regarding larval indices, test areas had values similar to (n-4) or lower (n-2) than control areas with regard to the premise index at baseline (Table S1 ). Odds ratios for premise positivity after the third spray cycle showed no overall effect in favour of Bti. The results were the same for mean container index and Breteau index (data not shown) (Table S2 ). No significant difference in the number of dengue cases was reported (Table 3 ) before and after the intervention from each test area. These comparisons were made for urban, semiurban and rural areas separately and as a whole for the entire study.
Discussion
This study shows that perifocal spraying of the liquid formulation of Bti has a moderate effect on ovitrap index, as a proxy of adult density after three cycles of spraying. The effect was observed up to 2 weeks after the last spray but not up to 8 weeks (no residual effect). On the contrary, spraying had no demonstrable effect on reducing the observable Aedes larval indices 2 weeks after each spray.
Dengue is a major public health hazard in Sri Lanka with a progressive increase in the number of cases reported over the last 3 years (29 777 in 2015, 55 160 in 2016 and over 115 000 in the first 7 months of 2017). The number of deaths in 2017 due to dengue had exceeded 337 by July. At present, in the absence of curative antiviral drugs and a preventive vaccine, dengue control is heavily reliant on vector control [7] . Traditional vector control methods frequently used in Sri Lanka include chemical control (fogging) and habitat management [5] . Unfortunately, as the adult mosquito lays eggs even in small collections of fresh water, it is not possible to eliminate breeding sites. Countries that have successfully controlled the Aedes vector to reduce the observed number of dengue cases in the community have done so by employing an integrated model of vector control comprising chemical control, habitat management, personal protection and biological control supplemented by appropriate health education and punitive measures [21, 22] . Sri Lanka in principle follows this model, but the incidence of dengue has increased despite this. However, biological control was not part of the integrated model employed in Sri Lanka thus far.
The countries that have used Bti effectively have done so by supplementing the existing vector control measures with biological control [23] . Hence, it is difficult to appreciate the exact contribution of Bti sprays into reduction in vector populations. It is even more difficult to associate the use of Bti with an actual reduction in dengue cases in the community. A systematic review on the use of Bti published in 2013 recorded 14 studies of which eight were efficacy studies and six were effectiveness studies similar to ours [23] . Four of the effectiveness studies demonstrated [14, [24] [25] [26] ] a significant reduction in entomological indices (adult and larval indices) that was not sustained when the spraying was stopped. In the remaining two studies [27, 28] , additional vector control methods were employed in both test and control areas which might have obscured any effects of the intervention. Four studies assessed repeated application of Bti with which the adult mosquito population was significantly reduced after a lag period of at least two cycles [14, [24] [25] [26] ; an observation similar to ours. In one of these studies, a rebound of adult and larval forms was seen after stopping Bti application within 6 weeks [24] . There was no difference on the impact depending on the formulation of Bti used [23] , but it is plausible that a higher dose was associated with a relatively longer lasting effect [29, 30] . All eight efficacy studies showed Bti to be very effective as a larvicidal, generally killing all mosquito larvae in a container within 24 h [23] . However, re-infestations have been noted starting after day 7 [31, 32] , and none of these studies had a follow-up period longer than 4 weeks. In our observations, the larval indices did not change (as opposed to previous controlled studies mentioned above) when inspected 14 days after each spray cycle. In fact, there were neither consistent differences of the mean larval indices between cases and controls at baseline or at PSI 3 nor longitudinally across all time points. This may indicate that either Bti had no effect or that re-infestation had occurred between the spraying and the inspection. The latter theory is more plausible given the observable significant reduction in the adult mosquito populations after three spray cycles. This might have been periodic reductions of the immature Aedes forms surviving into adulthood due to the spraying.
We employed perifocal spraying with mist blowers. This method has an advantage with regard to covering a large area at once and spreading to a height of approximately 15 m to reach the roof gutters of most houses. However, this method will fail to reach indoor breeding sites such as refrigeration trays, indoor ponds and indoor ornamental plants. It will also have less penetration in multistorey houses seen in urban areas. Due to these limitations, Bti spraying must always be combined with other measures of vector control such as manual inspection and removal of any potential indoor breeding places. Furthermore, Bti spray may have a negative consequence of public complacency, and the primary focus may shift from the primary control method of source reduction. Therefore, any Bti spraying must be linked with comprehensive community awareness programmes on its limitations and the need for continuing other control methods.
Regarding limitations of this study, the test and control areas had significant differences at baseline in ovitrap and premise index. However, these differences when present were in favour of the control areas. The test and control areas were selected randomly from each DS subject to selection criteria as mentioned before, and the baseline adult and larval indices were calculated after the selection. Three different doses of Bti were used for urban, semiurban and rural areas. This might have had a confounding effect on the observed trends when all areas were combined for composite analysis. Carrying out the study in multiple replicates for each urbanisation category with matching to minimise contextual variations would have been preferable but was not feasible due to logistical difficulties and limited funding.
Conclusions
Periodic spraying of Bti has a more significant impact in urban areas than in rural areas on the adult mosquito vector population that is probably mediated via its larvicidal effects. This effect is visible after three rounds of spraying and is not sustained 2 months after the last round. Calculating larval indices 2 weeks after each spray cycle shows no significant improvements over control areas suggesting rapid re-infestation. Overall, the evidence from this study does not suggest that Bti would be adequate for Aedes vector control as the main intervention. If this method is integrated into the vector control activities in future, it is important to note that it only plays a supplementary role and even at that level, for it to be effective, periodic spraying has to be ensured.
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